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Colorado State Universi ty  

F o r t  Co l l in s  , Colorado 

ABSTRACT 

The p resen t  s t a t u s  and f u t u r e  t rends  of 
e l e c t r i c  propuls ion systems and missions 
a r e  b r i e f l y  reviewed. Some t y p i c a l  
e l e c t r i c  propuls ion systems are descr ibed,  

these  cover a t h r u s t  range from 20  micro- 
pounds t o  65 mil l ipounds,  and are intended 

f o r  space missions ranging from s a t e l l i t e  
a t t i t u d e  c o n t r o l  t o  primary propuls ion f o r  

i n t e rp l ane ta ry  unmanned vehic les .  
E l e c t r i c  power needs f o r  e l e c t r i c  
propulsion systems a r e  summarized i n  t e r m s  
of t h ree  genera l  mission c l a s s e s ;  
a u x i l i a r y ,  in te rmedia te  and primary 
propulsion. 

In  the  auxi l ia ry-propuls ion  class of 
s a t e l l i t e  missions,  it appears t h a t  
electric propuls ion power needs f o r  
2000-pound satel l i tes  w i l l  range from 2 
wat t s  t o  200 watts,  depending on t h e  
t h r u s t i n g  func t ion  and on f u t u r e  research  

and development of advanced concepts.  

Intermediate-propulsion missions 
include t h e  MORL and t h e  r a i s i n g  of 

sa te l l i tes  t o  24-hour synchronous o r b i t s .  
Power f o r  electric propuls ion systems i n  

t h i s  c l a s s  of poss ib l e  f u t u r e  missions 
w i l l  range from 100  wa t t s  t o  s eve ra l  

k i lowat t s .  

* Done under NASA G r a n t  NGR06-002-032, 
Electric Thruster  Systems , OART. 

** Associate Fellow, A I M .  Senior  Member, 
IEEE.  Professor  of Mechanical 

Poss ib le  f u t u r  
missions include both unmanned and manned 
i n t e r p l a n e t a r y  spacec ra f t .  S m a l l  unmanned 
spacec ra f t  may r equ i r e  power f o r  e lectr ic  
propuls ion i n  t h e  range from 1 0 0  w a t t s  t o  
s eve ra l  k i lowa t t s .  S t i l l  f a r t h e r  i n  t h e  
f u t u r e ,  manned in t e rp l ane ta ry  vehicles.  w i l l  
probably r equ i r e  e lectr ic  powerplants of 
s eve ra l  megawatts output  power f o r  the  

primary e l e c t r i c  propuls ion system. 

Power needs are l i s t e d  f o r  those 
t h r u s t e r  systems t h a t  appear s u i t e d  t o  each 
p a r t i c u l a r  mission. I t  i s  intended t h a t  
t h i s  survey paper w i l l  se rve  as a progress  
r e p o r t  t o  those  i n  the  f i e l d  of e l e c t r i c  
power genera t ion ,  and hopeful ly  can serve  
a s  an approximate guide i n  t h e  syn thes i s  of 
f u t u r e  e l e c t r i c  propuls ion systems. 

INTRODUCTION 

In  the  p a s t  t e n  years  research  and 
development has  brought e lectr ic  propuls ion 
systems t o  a f l i g h t  opera t iona l  s t a t u s  on 

some e a r t h  s a t e l l i t e  spacec ra f t .  Fur ther ,  
complete t h r u s t e r  sys t ems  are p resen t ly  

being developed, t o  demonstrate t he  
performance advantages of electric 
propuls ion f o r  i n t e rp l ane ta ry  space f l i ghk .  
The p resen t  s t a t u s  and f u t u r e  t rends  i n  
electric propuls ion f o r  t h i s  wide range of 
mission types are discussed i n  d e t a i l  i n  
r ecen t  art icles ( r e f s .  1 - 6 ) .  With 
electric t h r u s t e r  systems having reached a 
s t age  of real is t ic  design,  i t s i s  of 
i n t e r e s t  t o  survey t h e  electric power i ca l  Ena inee rha .  _ _  
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needs of t h e  var ious  t h r u s t e r  systems t h a t  
may be candidates  f o r  poss ib l e  f u t u r e  
space missions.  

I t  i s  t h e  i n t e n t  of t h e  p re sen t  paper t o  
provide those  working i n  t h e  f i e l d  of 
electric power genera t ion  with a compre- 
hensive survey of t he  e lectr ic  power needs 
of p re sen t ly  e x i s t i n g  t h r u s t e r  systems, of 
t h r u s t e r  systems p resen t ly  i n  t h e  research  

and development phase, and of poss ib l e  
f u t u r e  t h r u s t e r  systems t h a t  f a l l  i n  t h e  
r e a l m  of advanced concepts.  Power needs 
f o r  e x i s t i n g  f l i g h t  ope ra t iona l  systems 

can be def ined q u i t e  accu ra t e ly ,  while  t h e  
power needs f o r  advanced concepts can be 

only approximately assessed  a t  t h e  p re sen t  
t i m e .  Because of t h e  b r i e f  survey na ture  
of t h i s  paper ,  power assessments are 
l imi t ed  t o  gross  power l e v e l s ,  and t o  
l i s t i n g s  of t h e  h ighes t  vo l tages  needed f o r  
each p a r t i c u l a r  t h r u s t e r  system. De ta i l s  
of t he  numerous a u x i l i a r y  vol tages  and 
cu r ren t s  f o r  each t h r u s t e r  system are 
ava i l ab le  from the  referenced l i t e r a t u r e .  

I t  must be noted t h a t  many of t he  

mission app l i ca t ions  f o r  e l e c t r i c  
propuls ion t h a t  are l i s t e d  i n  t h i s  paper 

are merely p o s s i b i l i t i e s  f o r  t he  f u t u r e  
and should not  be construed as real 
f l i g h t  programs a t  t h i s  t i m e .  Furthermore, 
t he  performance c h a r a c t e r i s t i c s  of t h r u s t e r  
systems i n  the  research  and development 
phase are only approximate a t  b e s t  and 
the re fo re  should be used only a s  
approximate guides i n  prel iminary design 
s t u d i e s  of f u t u r e  vehic les .  Performance 
parameters f o r  t h e  advanced concepts i n  
electric t h r u s t e r  systems a r e  even more 
tenuous and are included here  only t o  
i n d i c a t e  probable f u t u r e  t rends  i n  
electric power needs. 

GENERAL STATUS O F  ELECTRIC 
THRUSTER SYSTEMS 

Before proceeding t o  the  assessment of 

power needs f o r  electric propuls ion,  it i s  
necessary t o  c l e a r l y  d e f i n e  the  p re sen t  
s t a t u s  and f u t u r e  t rends  of electric 
t h r u s t e r  systems. I n  de f in ing  t h i s  s t a t u s ,  
t h r e e  genera l  c l a s s i f i c a t i o n s  are used: 
ope ra t iona l ,  research  and development, and 

advanced concepts.  Some t h r u s t e r  systems 
descr ibed  here  a r e  i n  t r a n s i t i o n  between 
these  s t a t u s  c l a s s i f i c a t i o n s ,  and i n  such 
cases  t h e  judgement f o r  c l a s s i f i c a t i o n  
hopeful ly  represents  t he  consensus of  
opinion of those  working i n  t h e  f i e l d  of 
electric propulsion. 

Operat ional  Thrus te r  Systems 

Operat ional  s y s t e m s  a r e  those  e l e c t r i c  
t h r u s t e r  systems t h a t  have been flown o r  

w i l l  be  flown on scheduled spacec ra f t  
missions.  Some of t hese  ope ra t iona l  
systems a r e  prime onboard equipment t o  
perform t h r u s t i n g  func t ions  t h a t  are 
requi red  f o r  t h e  success  of t he  mission. 
Other ope ra t iona l  systems have, o r  w i l l ,  
perform t h r u s t i n g  func t ions  more i n  t h e  
na ture  of f l i g h t  demonstration equipment 
( r e f s .  1 and 2 ) .  

Three examples of ope ra t iona l  electric 
propuls ion systems are shown i n  Figures  1 
t o  3.  The r e s i s t o j e t  t h r u s t e r  system 
shown i n  Figure 1 i s  rep resen ta t ive  of  an 
e a r l y  app l i ca t ion  of electric propuls ion 
t o  ope ra t iona l  spacec ra f t .  This resis to- 
j e t  system is  used f o r  a t t i t u d e  c o n t r o l  

and o r b i t  adjustment of t h e  advanced 
VELA spacec ra f t .  

The con tac t  i on  micro thrus te r  system 

shown i n  Figure 2 i s  p re sen t ly  being 
readied f o r  f l i g h t  on the  NASA ATS-D 
spacec ra f t  as a f l i g h t  experiment t o  
demonstrate a t t i t u d e  con t ro l  and east-west 
s t a t i o n  keeping funct ions.  A no tab le  
f e a t u r e  of t h i s  electric propuls ion system 
i s  t h e  c a p a b i l i t y  f o r  p rec i s ion  t h r u s t  
vec tor ing  by means of e l e c t r o s t a t i c  
d e f l e c t i o n  of t he  ion  exhaust  beam with 
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t h e  segmented acce le ra t ing  e l ec t rodes  
shown i n  the  f igure .  Also notab le  i n  t h e  

f i g u r e  i s  t h e  packaging f o r  the  complete 
power condi t ioning and c o n t r o l  system 

which draws power from the  spacec ra f t  
so la r -a r ray  bus,  and provides  high vol tage 

d.c.  t o  the  t h r u s t e r  system. 

The cesium bombardment t h r u s t e r  system 
shown i n  Figure 3 is  rep resen ta t ive  of 

systems intended f o r  north-south s t a t i o n  
keeping func t ions  on synchronous 

s a t e l l i t e s .  

Another example of an e l e c t r i c  t h r u s t e r  
system i n  the  research and development 
s t a g e  i s  shown i n  Figure 5. This four-  
t h r u s t e r  a r ray  of mercury bombardment 

t h r u s t e r s  i s  t y p i c a l  of t he  system s i z e  
and complexity t h a t  would be requi red  f o r  

primary propuls ion of i n t e rp l ane ta ry  
unmanned spacecraf t .  This t h r u s t e r  a r r ay  
i s  p resen t ly  under development a t  JPL for 
purposes of demonstrating t h e  f e a s i b i l i t y  
of s o l a r  electric propuls ion systems ( r e f s .  
3 and 4 ) .  

Advanced Thruster  Concepts 
Systems i n  Research and Development 

There are a number of e l e c t r i c  t h r u s t e r  
systems i n  var ious  s t ages  of research  and 

development. Each of these  systems are 
expected t o  have improved performance o r  
opera t iona l  advantages over t he  p re sen t  
opera t iona l  systems. The systems t h a t  are 
c l a s s i f i e d  here  i n  t h e  R B D category have 
a complete compliment of a l l  components 
t h a t  would be requi red  i n  a f l i g h t  vers ion  
of t he  system. I n  add i t ion ,  a l l  have been 
operated i n  labora tory  vacuum f a c i l i t i e s  
under test condi t ions and du ra t ions  
adequate t o  e s t a b l i s h  t h e i r  ope ra t iona l  
f e a s i b i l i t y  . 

A r e s i s t o j e t  system has been proposed 
as  a poss ib l e  propuls ion system f o r  
manned o r b i t i n g  research  l abora to r i e s  t o  
provide t h r u s t  f o r  drag cance l l a t ion  and 
f o r  a t t i t u d e  con t ro l .  This proposal i s  
i l l u s t r a t e d  i n  Figure 4 ,  and would c o n s i s t  
of a t o t a l  of twenty-four r e s i s t o j e t  
t h r u s t e r s  loca ted  i n  four  modules around 
the  per iphery of t h e  MORL. A s i g n i f i c a n t  
f e a t u r e  of t h i s  proposed system is the  

u t i l i z a t i o n  of carbon d ioxide  biowaste as 
p rope l l an t  f o r  t h e  r e s i s t o j e t s .  Resisto- 
j e t  systems have been operated with carbon 

dioxide a t  s p e c i f i c  impulse values  high 
enough t o  provide the  requi red  d a i l y  t o t a l  

impulse without  exceeding t h e  d a i l y  
production r a t e  of carbon dioxide biowaste.  

A number of advanced concepts have been 
proposed t h a t  have marked p o t e n t i a l  
impsovements i n  performance o r  ope ra t iona l  
c h a r a c t e r i s t i c s .  Some of these  advanced 
concepts are discussed i n  the  r ecen t  
l i t e r a t u r e  ( r e f s .  2 and 6 ) .  A l l  of these  
advanced concepts a r e  based on demonstrated 
performance of i nd iv idua l  components, b u t  

none have been operated as complete 
t h r u s t e r  systems. These advanced concepts 

are included i n  the  p re sen t  survey f o r  the  
purposes o f  i n d i c a t i n g  approximate f u t u r e  

t rends .  

POSSIBLE MISSIONS FOR 
ELECTRIC PROPULSION 

Missions f o r  e l e c t r i c  propuls ion can be 
roughly divided i n t o  th ree  ca tegor ies  : 
a u x i l i a r y ,  intermediate ,  and primary 
propuls ion missions.  Auxil iary propulsion 
i s  genera l ly  def ined t o  inc lude  t h r u s t i n g  
func t ions  of a r e l a t i v e l y  low magnitude i n  
which t h e  spacec ra f t  ve loc i ty  is not  

appreciably a f f ec t ed .  The con t ro l  of 
sa te l l i t e  a t t i t u d e  i s  c e r t a i n l y  an 

a u x i l i a r y  propuls ion func t ion ,  and the  
s t a t i o n  keeping of synchronous s a t e l l i t e s  
may a l s o  be included i n  t h i s  category. 

Intermediate  e l e c t r i c  propuls ion can be 
def ined t o  inc lude  t h r u s t i n g  func t ions  
such as drag  cance l l a t ion  f o r  low-level 
sa te l l i tes ,  and s i g n i f i c a n t  o r b i t  
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t r a n s f e r s  such as r a i s i n g  a sa te l l i t e  from Mission and t r a j e c t o r y  ana lys i s  f o r  

a low parking o r b i t  t o  t h e  twenty-four- electric propuls ion spacec ra f t  i s  n o t  a 

hour synchronous o r b i t .  Primary electric 
propuls ion missions are those  where t h e  

electric propuls ion system is  an upper 
s t a g e  i n  t h e  o v e r a l l  mission p r o f i l e .  

Propulsion requirements f o r  a u x i l i a r y  
propuls ion missions can be  def ined  i n  
t e r m s  of an e f f e c t i v e  veh ic l e  v e l o c i t y  
increment,  AV per  year ,  and f o r  a given 
spacec ra f t  m a s s  a t o t a l  impulse pe r  year  
can be determined ( r e f s .  6 and 7 ) .  
P rope l l an t  weight W i s  simply t h e  r a t i o  

P r  
of t o t a l  impulse t o  s p e c i f i c  impulse, I: 

W = ( to ta l - impulse /yr ) / I  , l b /y r  
P r  

(1) 

w h e r e  W i s  the  p r o p e l l a n t  consumption 
pe r  year ,  total - impulse/yr  i s  t h e  mission 
requirement,  and s p e c i f i c  impulse I i s  an 
electric t h r u s t e r  performance parameter. 
From inspec t ion  of equat ion (1) it is 
evident  t h a t  very long missions w i l l  
r equ i r e  high s p e c i f i c  impulse i n  order  t o  
avoid excess ive  p rope l l an t  weights.  

P r  

I n  genera l ,  h igher  s p e c i f i c  impulse i n  

e lectr ic  t h r u s t e r s  is a t t a i n e d  by 
inc reas ing  the  electric power inpu t  t o  
the  t h r u s t e r .  This i s  i l l u s t r a t e d  by t h e  
following expression:  

where P i s  power inpu t  t o  t h e  electric 
t h r u s t e r  system i n  w a t t s ,  gc i s  t h e  
g r a v i t a t i o n a l  conversion f a c t o r  9 . 8 1  
meters/sec , F i s  t h e  t h r u s t e r  system 
t h r u s t  i n  newtons, I i s  s p e c i f i c  impulse, 
and nth i s  t h r u s t e r  system e f f i c i ency .  

consider ing equat ions (1) and ( 2 )  
simultaneously it is  ev iden t  t h a t  t h e r e  

w i l l  be an optimum value of t he  s p e c i f i c  
impulse f o r  each p a r t i c u l a r  se t  of mission 

parameters and propuls ion system 
parameters. 

2 

By 

simple matter as the  preceding d iscuss ion  
may imply. However t h e  genera l  f e a t u r e s  
of t h e  in f luence  of s p e c i f i c  impulse on 

p rope l l an t  weight and powerplant weight 
are as expressed by equat ions (1) and ( 2 ) .  

This t rade-off  between p rope l l an t  weight 
and propuls ion system weight should be 
kept  i n  mind i n  cons ider ing  the  t e x t  of 
t he  next  s ec t ion .  

POWER NEEDS FOR TYPICAL M I S S I O N S  

Power needs f o r  a number of t y p i c a l  
electric propuls ion missions a r e  shown i n  
Table I t o  111. Each of these  missions 
could be flown with any one of seve ra l  
t h r u s t e r  systems. I n  genera l ,  t he  power 
needs of t h e  var ious  t h r u s t e r  systems are 
widely d i f f e r e n t ,  depending on the  
t h r u s t e r  e f f i c i e n c y ,  and o the r  f a c t o r s .  
For t h i s  reason t h e r e  are q u i t e  a few 
t h r u s t e r  systems l i s t e d  f o r  each of t h e  
missions i n  Tables I to 111. 

The missions considered i n  t h i s  paper 
are merely intended t o  be r ep resen ta t ive ,  
p a r t i c u l a r l y  wi th  r e s p e c t  t o  the  space- 
c r a f t  weights t h a t  have been assumed. For 
example, i n  Table I ,  it has been assumed 
t h a t  t h e  f i n a l  s a t e l l i t e  i n  24-hour 
synchronous o r b i t  w i l l  have a mass 
corresponding t o  a ground weight of 2000 
lbs .  Synchronous satel l i tes  of much 
g r e a t e r  mass are c e r t a i n l y  wi th in  t h e  
realm of p o s s i b i l i t y ,  even with e x i s t i n g  
boos ter  rocke t  c a p a b i l i t i e s .  The 20- 
micropound and 490-micropound t h r u s t  
l e v e l s  have been determined f o r  2000-lb 

satel l i tes  wi th  continuous t h r u s t i n g  modes 
of opera t ion  ( r e f .  7 ) .  The 700-micropound 
t h r u s t  l e v e l  f o r  north-south s t a t i o n  
keeping has been suggested ( r e f .  8) as a 
system redundancy f e a t u r e  where one of a 
p a i r  of opposing t h r u s t e r s  could do t h e  
north-south s t a t i o n  keeping i n  case the  

1036 IECEC ‘68 RECORD 



o t h e r  t h r u s t e r  f a i l e d .  Thrust  l e v e l s  
would be h igher  f o r  more massive 
satel l i tes .  

I n  Table 11, the  MORL mission i s  based 
on a recent  s tudy ( r e f .  9 ) .  Important 
mission parameters i n  t h i s  s tudy are a 
36,000-pound vehic le  i n  a 1 6 4  n a u t i c a l  

m i l e  c i r c u l a r  o r b i t ,  r equ i r ing  a t o t a l  
impulse of 1 9 0 0  lb-sec/day. Any changes 
i n  these  mission parameters could be 

r e f l e c t e d  i n  changes of power l e v e l s .  
The sa te l l i t e  o r b i t  maneuvers mission 
shown i n  T a b l e  I1 i s  based on an estimate 
of t h r u s t  l e v e l s  t h a t  might be requi red  
f o r  s u b s t a n t i a l  changes i n  sa te l l i te  o r b i t  
o r  pos i t i on  ( r e f .  8 ) .  With one except ion,  
the  power l e v e l s  shown i n  Table I1 f o r  
the  synchronous sa te l l i t e  r a i s i n g  mission 
w e r e  determined from b a s i c  t r a j e c t o r y  
information ( r e f .  1 0 )  . These c a l c u l a t i o n s  
a r e  based on a 300 n a u t i c a l  m i l e  parking 
o r b i t ,  wi th  r a i s i n g  by electric propuls ion 
t o  t h e  24-hour synchronous c i r c u l a r  o r b i t ,  
wi th  the  c o n s t r a i n t  t h a t  t h e  electric 
propuls ion system inc luding  t h e  s o l a r  cel l  
a r r ay  (o r  o t h e r  powerplant) i s  included 
i n  t h e  f i n a l  2000-pound spacec ra f t .  I t  
w a s  a l s o  assumed t h a t  t h e  electric 
propuls ion is done only 1 / 2  t i m e  i n  each 
o r b i t  about e a r t h  (because of Earth- 
shadowing o f  t he  s o l a r  a r r a y s ) ,  and no 
allowance i s  made f o r  t he  plane change 

from the  300 n a u t i c a l  m i l e  parking o r b i t  
t o  t h e  f i n a l  e q u a t o r i a l  synchronous o r b i t .  

Tra jec tory  and mission parameters f o r  t he  
180-day synchronous s a t e l l i t e  mission 
with the  mercury bombardment t h r u s t e r  
system are repor ted  elsewhere ( r e f .  11). 

Mission parameters f o r  t h e  600-pound 
unmanned spacec ra f t  i n t e rp l ane ta ry  mission 
shown i n  Table I11 represen t  a minimal 
approach t o  unmanned spacec ra f t  ( r e f .  1 2 )  . 
The 2300-pound unmanned spacec ra f t  mission 
shown i n  Table I11 i s  rep resen ta t ive  of 

s c i e n t i f i c  probe missions t o  the  major 

p l ane t s  (refs. 3 ,  4 ,  13,  1 4 ) .  The 
600,000-pound manned in t e rp l ane ta ry  round- 
t r i p  mission l i s t e d  i n  Table I11 is  
rep resen ta t ive  of poss ib l e  f u t u r e  
app l i ca t ions  of electric propuls ion 
( r e f .  1 5 ) .  

Electr ic  power needs f o r  t h e  var ious  
t h r u s t e r  systems and missions l i s t e d  i n  
Tables I t o  I11 w e r e  ca l cu la t ed  from t h e  

information and re ferences  summarized i n  

the  Appendix. The d e t a i l e d  information i n  
t h e  Appendix i s  provided pr imar i ly  f o r  the  
b e n e f i t  of those  having p a r t i c u l a r  i n t e r e s t  
i n  electric t h r u s t e r s  p e r  se, and 
secondar i ly  as support ing documentation 
f o r  the  power l e v e l s  shown i n  Tables I t o  
111. 

Operat ional  t h r u s t e r  systems f o r  
a u x i l i a r y  propuls ion missions have 
r e l a t i v e l y  high electric power needs , 
p a r t i c u l a r l y  a t  t h e  h igher  values  of 
s p e c i f i c  impulse t h a t  w i l l  be requi red  f o r  
long dura t ion  missions. The two t h r u s t e r  
systems l i s t e d  i n  Table I i n  the  research 
and development category w i l l  no t  o f f e r  
much reduct ion i n  power requirements a t  
high s p e c i f i c  impulse. However, thgre  are 
seve ra l  advanced t h r u s t e r  concepts t h a t  
have promise of s i g n i f i c a n t l y  lower power 
needs a t  high s p e c i f i c  impulse. Whether 
t hese  poss ib l e  f u t u r e  reduct ions i n  
e l e c t r i c  power are e s p e c i a l l y  advantageous 
w i l l  depend on t h e  s i z e  of t he  spacec ra f t  
powerplant. I f  t h e  spacec ra f t  i s  a 
communications sa te l l i t e  i n  a 24-hour 
synchronous o r b i t ,  it i s  poss ib l e  t h a t  t he  
spacec ra f t  powerplant w i l l  be i n  the  

k i lowa t t  class, and i f  t h i s  i s  the  case  
then the  power savings ind ica t ed  i n  Table 

I may not  be s u f f i c i e n t l y  advantageous t o  
j u s t i f y  the  development of t h e  advanced 
concepts f o r  t h a t  p a r t i c u l a r  mission. 

There i s  another  important f e a t u r e  of 
t h e  t h r u s t e r  systems f o r  a u x i l i a r y  
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propuls ion missions t h a t  are l i s t e d  i n  
Table I i n  the  R & D and the  advanced 
concept ca tegor ies .  This  f e a t u r e  i s  t h e  
a b i l i t y  of some of t h e  t h r u s t e r  systems t o  
opera te  a t  r e l a t i v e l y  low vol tage  l e v e l s  i n  

comparison wi th  t h e  high vol tages  requi red  
by t h e  ope ra t iona l  systems a t  high s p e c i f i c  
impulse. For example, t h e  mercury 
bombardment t h r u s t e r  system p resen t ly  i n  
t h e  R & D phase has a maximum of 400 v o l t s  
d.c.  i n  the  o v e r a l l  system, which i s  a 
vol tage  l e v e l  t h a t  seems a t t a i n a b l e  
d i r e c t l y  from t h e  s o l a r  cel l  a r r ay  without  

. any in te rvening  power condi t ion ing  requi red  
( r e f .  2 ) .  V i r t u a l  e l imina t ion  of t h e  high 
vol tage  power condi t ion ing  equipment would 
be an advantage both i n  c o s t  and i n  
improved r e l i a b i l i t y .  I n  the  advanced 
concept category the  l i t h ium iso tope /  
r e s i s t o j e t  o f f e r s  t h e  p o s s i b i l i t y  of 
opera t ing  d i r e c t l y  from t h e  spacec ra f t  bus 
a t  p r a c t i c a l l y  any vol tage ,  bu t  t h i s  
t h r u s t e r  system has a r e l a t i v e l y  low 

s p e c i f i c  impulse,  and the re fo re  would have 
a high p rope l l an t  weight f o r  long du ra t ion  

missions.  I n  t h i s  same category the  
potassium hollow-cathode ion  expansion 
concept would have a s i g n i f i c a n t l y  lower 
vol tage  than the  mercury bombardment 

t h r u s t e r  i n  the  R & D category,  and i n  
add i t ion  would have a h igher  s p e c i f i c  

impulse. The u l t ima te  i n  a u x i l i a r y  
e l e c t r i c  propuls ion systems i s  represented  
by the  i so tope / l iqu id-spray  t h r u s t e r  
concept which has a high s p e c i f i c  impulse 
and a very low electr ic  power need, e.g. ,  
j u s t  enough f o r  t he  te lemetry.  This 
advanced concept would have i t s  own 
e l e c t r i c  power source completely indepen- 
dent  from t h e  spacec ra f t  powerplant. 

Electr ic  power needs f o r  t h e  interme- 

d i a t e  propuls ion missions shown i n  Table I1 

w i l l  vary widely,  depending on the  

p a r t i c u l a r  mission and the  p a r t i c u l a r  
t h r u s t e r  system. I n  t h e  MORL c l a s s  mission 
where biowaste i s  used as  the  p rope l l an t ,  

it appears t h a t  considerable  power savings 

might be achieved by t h e  advanced t h r u s t e r  
concept where an i so tope  h e a t e r  i s  coupled 
wi th  t h e  electric hea te r  i n  t h e  r e s i s t o j e t  
t h r u s t e r  system. This reduct ion  i n  

electric power needs would be achieved i n  
p r i n c i p l e  by thermally hea t ing  the  

p rope l l an t  t o  a f a i r l y  high temperature,  
then r a i s i n g  t h e  p rope l l an t  t o  i t s  f i n a l  
high temperature wi th  electric power. The 

ammonia r e s i s t o j e t  and t h e  l i t h ium iso tope /  
r e s i s t o j e t  might a l s o  be used i n  t h e  MORL 

class missions,  e s p e c i a l l y  where p rope l l an t  
resupply would not  be a s i g n i f i c a n t  

disadvantage.  

The u l t ima te  choice of t h r u s t e r  system 
f o r  t he  s a t e l l i t e  o r b i t  maneuvers missions 

w i l l  depend p r imar i ly  on t h e  t o t a l  impulse 
requirement of t h e  o r b i t  maneuvers, and on 
whether o r  no t  a considerable  amount of 
e l e c t r i c  power i s  onboard t h e  s a t e l l i t e  
f o r  o t h e r  purposes. For in s t ance ,  d i r e c t -  

b roadcas t  synchronous satel l i tes  may 
even tua l ly  have onboard power i n  the  
k i lowa t t  range, and i f  t h i s  power w e r e  
a v a i l a b l e  f o r  o r b i t  maneuvers then t h e  
mercury bombardment o r  t he  hollow-cathode 
ion  expansion t h r u s t e r s  shown i n  Table I1 

might be p re fe rab le  t o  t h e  r e s i s t o j e t s .  

A v a i l a b i l i t y  of onboard power f o r  
electric propuls ion may be a very important 
cons idera t ion  i n  poss ib l e  synchronous 
s a t e l l i t e  r a i s i n g  missions.  For in s t ance ,  
i f  t h e  sa te l l i t e  had somewhat more than 
1000  w a t t s  of e l e c t r i c  power f o r  broadcas t  

func t ions  a f t e r  pos i t i on ing ,  then t h i s  
power might be used f o r  t he  l i t h ium 

i s o t o p e / r e s i s t o j e t  advanced t h r u s t e r  
concept i n  r a i s i n g  t h e  sa te l l i t e  from a 
low parking o r b i t  t o  t h e  24-hour 
synchronous o r b i t .  With a s p e c i f i c  impulse 
of 400 seconds, and e f f e c t i v e l y  " f r e e "  

power t h i s  advanced concept should have 
performance supe r io r  t o  a l l -chemical  

de l ive ry  systems. Even i f  a d d i t i o n a l  
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power w e r e  used t o  reduce the  r a i s i n g  t i m e  be requi red  f o r  manned in t e rp l ane ta ry  

t o  40 days, t he  l i t h ium i s o t o p e / r e s i s t o j e t  electric spacec ra f t .  
concept appears t o  o f f e r  payload advantage 
over conventional chemical rocke ts  i n  t h i s  
mission. These remarks are not  intended 
t o  promote electric propuls ion f o r  t h i s  
p a r t i c u l a r  mission, b u t  r a t h e r  t o  i n d i c a t e  
the  g r e a t  importance of power l e v e l  

assessment i n  the  f i e l d  of electric 
propulsion. 

Electr ic  power l e v e l  i s  of major 

importance i n  the  primary electric 
propuls ion missions shown i n  Table 111. 

Because of t he  high total- impulse 
requirements of i n t e r p l a n e t a r y  unmanned 
and manned missions,  optimum s p e c i f i c  
impulse i s  i n  the  2000 t o  3000 second 
range f o r  propuls ion systems having power- 
p l a n t  s p e c i f i c  mass of 50 t o  1 0 0  lb/kwe. 
The mercury bombardment and the  cesium 
bombardment t h r u s t e r  systems shown i n  t h e  
R & D category i n  Table I11 are no t  very 
e f f i c i e n t  i n  t h i s  range of s p e c i f i c  
impulse, thereby increas ing  the  electric 
power requirement. I n  add i t ion ,  t h e i r  
vo l tage  requirements a r e  1000 v o l t s  d .c . ,  

which may d i c t a t e  the  use of power 
condi t ioning i n  s o l a r  electric systems. 

The hollow-cathode ion  expansion t h r u s t e r  
system i n  the  advanced concepts category 
has  promise of h igher  e f f i c i ency  and lower 
vol tage  i n  the  s p e c i f i c  impulse range of 
i n t e r e s t  f o r  s o l a r  electric unmanned 
in t e rp l ane ta ry  spacec ra f t .  This same 
observat ion may be made f o r  poss ib l e  f u t u r e  
manned in t e rp l ane ta ry  spacec ra f t  with 
nuclear  electric powerplants. Although 

t h e  hollow-cathode ion  expansion 
advanced concept could i n  p r i n c i p l e  have a 
t h r u s t  dens i ty  s u f f i c i e n t l y  high f o r  
reasonable packaging i n  the  payload shroud 
of very l a r g e  chemical boos te r  rocke ts ,  
t he  MPD arc advanced concept has  much 
promise f o r  a very high t h r u s t  dens i ty ,  
which may be a d e f i n i t e  advantage f o r  t he  

megawatt power l e v e l s  t h a t  would u l t ima te ly  

CONCLUSIONS 

From t h i s  survey of electric power 
needs f o r  electric propuls ion,  it can be 
concluded t h a t  power l e v e l s  may range from 
seve ra l  w a t t s  t o  s eve ra l  megawatts 
depending on t h e  mission and the  
propuls ion funct ion.  Missions with high 

t o t a l  impulse w i l l  r equ i r e  s p e c i f i c  
impulse of t h e  t h r u s t e r  system i n  the  

range above 2000 seconds i n  order  t o  
avoid excess ive  p rope l l an t  requirements. 
Operation a t  these  high values  of s p e c i f i c  
impulse w i l l  r equ i r e  commensurately high 
electric power needs. I n  such systems 
with very high power l e v e l s ,  e l e c t r i c  
t h r u s t e r  s y s t e m  e f f i c i ency  w i l l  become of 

c r u c i a l  importance i n  order  t o  minimize 
powerplant s i z e  and m a s s .  There a r e  a 
number of advanced concepts t h a t  o f f e r  
s i g n i f i c a n t  improvements i n  t h r u s t e r  

e f f i c i ency .  

The need f o r  h igher  s p e c i f i c  impulse i n  

in te rmedia te  and i n  a u x i l i a r y  propulsion 
missions w i l l  become more acute  a s  mission 
dura t ions  a r e  increased t o  5 o r  1 0  year  
per iods.  The concomitant increase  i n  
power needs f o r  the  e l e c t r i c  t h r u s t e r  
system might be conveniently absorbed i n  
satel l i tes  t h a t  have high power l e v e l s  
onboard f o r  o the r  funct ions.  However, i n  
t he  i n t e r e s t  of c o s t  reduct ions ,  ease i n  
packaging i n  t h e  boos te r  vehic les ,  and 
e l imina t ion  bf sun-orient ing mechanisms, 
t he re  w i l l  c e r t a i n l y  be many satel l i tes  
where e lectr ic  power w i l l  be a t  a 
premium. I n  these cases ,  reduct ion of 
power needs by a matter  of a few wa t t s  
w i l l  s t i l l  serve  as a s t rong  impetus t o  
the  f u r t h e r  work on advanced concepts i n  
a u x i l i a r y  e l e c t r i c  propuls ion systems. 

A f i n a l  observat ion can be made with 

regard t o  vol tage l e v e l s  required f o r  
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electr ic  t h r u s t e r  systems. S p e c i f i c  
impulse i n  t h e  range of 2000 t o  3000 

seconds is  of p a r t i c u l a r  i n t e r e s t  f o r  s o l a r  
electric i n t e r p l a n e t a r y  spacec ra f t .  I n  

t h i s  range of s p e c i f i c  impulse, t he  ion  
t h r u s t e r s  have acce le ra t ing  vol tages  i n  the  
range from 1 0 0  t o  1000  v o l t s  d.c.  These 
f a c t o r s  have l e d  t o  an i n t e r e s t  i n  research  
and development lead ing  t o  s o l a r  cel l  
arrays having such output  vo l tages .  
V i r t u a l  e l imina t ion  of power condi t ion ing  

equipment is a s t r o n g  motivat ion i n  t h i s  
regard.  This t r end  towards lower vol tages  
may be of d i r e c t  b e n e f i t  t o  f u t u r e  nuc lear  
electric power generat ion systems f o r  

e l e c t r i c  propuls ion.  For example, 
a l t e r n a t o r  ou tput  vo l tage  i n  t u r b o e l e c t r i c  
systems might be matched d i r e c t l y  t o  the  
power needs of t he  primary e l e c t r i c  
t h r u s t e r  sys  t e m .  

APPENDIX - THRUSTER SYSTEM 
CHARACTERISTICS 

Information, da t a ,  and assumptions t h a t  
have been used i n  assess ing  the  power needs 

f o r  electric propuls ion are summarized i n  
t h i s  appendix. 

AUXILIARY - PROPULSION 

Operat ional  Thrus te r  Systems 

NH3 r e s i s t o j e t .  I = 150 sec. Valves, 2 w; 
te lemetry,  2 w. (Ref. 1) 

NH r e s i s t o j e t .  I = 200 sec. Valves, 2 w; -3 
te lemetry,  2 w. (Ref. 16)  

l iquid-spray.  I = 900 sec .  Telemetry, 2 w; 
n e u t r a l i z e r ,  5 w; vapor izer ,  5 w. For 
F = 490 micropounds, P = 2+(14+5+5)/.7 = 

36 wat t ,  where 1 4  w t h r u s t e r  power 
inc ludes  a t h r u s t e r  e f f i c i e n c y  of 70%, 

and where power-conditioning e f f i c i e n c y  
is 70%. (Ref. 1 7 )  

pulsed-plasma. I = 1000  sec. Telemetry 

not  included. n c  - - .8. (Ref. 18)  

Cs-bombardment. I = 5000. Power 
condi t ion ing  e f f i c i e n c y ,  70%. (Ref. 19)  

Cs-contact. I = 6700 sec. (Ref. 1) 

Thrus te r  Systems i n  
Research and Development 

magnetic-expansion MPD. I = 420 sec. a t  
F = 490 micropounds, I = 570 sec. a t  
F = 700 micropounds. Xenon p rope l l an t ,  
a l l  permanent magnets. Power 
condi t ion ing  assumed t o  be no t  needed. 

(Refs. 20 and 21) 

Hg-bombardment. I = 1700 sec. Power/ 
t h r u s t  = 220 watt/mlb. Power 
condi t ioning e f f i c i e n c y  assumed t o  be 

= 0.7. P = (P/F) ( F ) / ( n C )  = 220 x .49/ 
n C  
.7 = 154  wat ts .  (Ref. 11) 

Advanced Concepts 

L i  i s o t o p e / r e s i s t o j e t .  I = 400 sec .  Power/ 

t h r u s t  = 5 watt/mlb. (Ref. 2) 

l i q u i d  spray. I = 1200 sec. Assumes 
improved charge/mass. Power condi t ion ing  
e f f i c i e n c y ,  0.7. P = 2 + (18+5+5)/.7 = 
42 w a t t s .  (Ref. 22) 

K hollow-cathode ion  expansion. I = 2600 

sec .  Potassium propel lan t .  Beam 
cur ren t ,  300 milliamp. Thrus te r  system 
ev/ ion,  97. N e t  a cce l e ra t ing  vol tage ,  
1 1 0  v. Power condi t ioning assumed t o  be 
not  needed. Neu t ra l i ze r  power, 5 wat t .  
Vaporizer power, 5 w a t t .  Tota l  power 
P = .3(110+97) + 1 0  = 72 w a t t s .  
(Refs. 2, 23, and 24) 

isotope/ l iquid-spray.  I = 4000 sec. 
Telemetry, 2 wat ts .  Power from radio-  
i so tope  e l ec t rogene ra to r  i n t e g r a l  wi th  
t h r u s t e r  system. (Refs. 2 and 25) 
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INTERMEDIATE PROPULSION C s  bombardment. I = 3360 sec. Thrus te r  
e f f i c i e n c y ,  nth = 0.59. Power 

condi t ion ing  e f f i c i e n c y ,  n c  = 0.88. Thrus te r  Systems i n  Research 
Development 

Power/thrust, P/F = (4 .45~33,600) /  
CO, biowaste r e s i s t o j e t .  I = 180 sec. (2x.59x.88) = 1 4 4  kw/lb. (Ref. 1 9 )  

Thruster power/thrus t, P/F = 4.5 watt/mlb . 
Power f o r  C02 c o l l e c t i o n ,  1 1 0  w a t t  f o r  Advanced Concepts 

- 

2 4  millipounds t h r u s t  l e v e l .  (Ref. 9 )  L i  i s o t o p e / r e s i s t o j e t .  I = 400 sec. 
NH3 r e s i s t o j e t .  I = 300 sec. Thrus te r  Power/thrust, P/F = 5 watt/mlb. (Ref. 2 )  

power/thrust ,  P/F = 15.7 watt/mlb. 
(Ref. 26)  

hollow-cathode ion  expansion. I = 2400 
sec .  Cesium p rope l l an t .  Discharge 

Hg bombardment. I = 1900 sec. Thrus te r  power, 85 ev/ion. Other powers 
system power/thrust ,  P/F = 86 watt/mlb. ( n e u t r a l i z e r s  , vapor izers  , etc. ) , 25 
Power condi t ion ing  e f f i c i e n c y ,  q c  = 0.88. ev/ion. P rope l l an t  u t i l i z a t i o n  
(Ref. 11) e f f i c i e n c y  , n u  = 0.99. N e t  accel-  

Advanced Concepts 
e r a t i n g  vol tage ,  400  v. Thrus te r  
e f f i c i e n c y ,  qth - - . 9 9 / ( 1  + 1 1 0 / 4 0 0 )  = 

_.. 

CO biowaste i s o t o p e / r e s i s t o j z .  I = 1 8 0  0 .77 .  Power/thrust, P/F = 4.45v./(2nth) 
-2 - 3 

sec .  Thrus te r  power/thrust ,  P/F = 1.5 = 4 . 4 5 ~ 2 4 , 0 0 0 / ( 2 ~ . 7 7 )  = 69 kw/lb. 
watt/mlb. Power f o r  C 0 2  c o l l e c t i o n ,  1 1 0  (Refs. 2 ,  23, and 2 4 )  

wa t t  f o r  2 4  mill ipound t h r u s t  l eve l .  

(Ref. 2 )  
MPD a rc .  This t h r u s t e r  concept has 

promise of high performance i n  the  
L i  i s o t o p e / r e s i s t o j e t .  I = 400 sec.  megawatt power range. I t  i s  assumed 

Thruster power/thrust ,  P/F = 5 watt/mlb. here  t h a t  t h i s  concept may be developed 

(Ref. 2 )  t o  a performance l e v e l  equal  t o  t h a t  of 
t he  ion  expansion advanced concept 
l i s t e d  above. The a r c  vo l t age  is  
approximately 60/nth = 60/ .77  = 78 v o l t s .  
(Ref. 27)  

hollow-cathode ion  expansion. I = 1 0 0 0  

sec. Thrus te r  power/thrust ,  P/F = 60 

watt/mlb. Power condi t ion ing  assumed t o  
be not  needed. (Refs. 2 ,  23, and 2 4 )  
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TABLE I - POWER mR TYPICAL AUXILIARY-PROPULSION MISSIONS 
24-HOUR SYNCHRONOUS SATELLITE 
(ELECTRIC BUS POWER, MAPS) 

h 

* INCLUDES PRECISION THRUST-VECTORING CAPABILIN 
t FOR SYSTEN REDUNDANCY WHERE ONE FIXED THRUSTER CAN Do N-S STATION-KEEPING 

IF OTHER THRUSTER FAILS 
t* SPECIFIC IMPULSE, 570 SEC. 

TABLE 1 1  - POWER FOR T Y P I N L  INTEWDIATE-PROPULSION NISSIONS 

co2 BIDWASTE 

Bus 

3.m 
ION EXPANSION 

* TOTAL IMPULSE, 1900 la-SEdDAY 
t INCLUDING no WATT FOR co2 COLLECTION 

*' FROM X N )  N.M. TO SYNCHRONOUS ALTITUDE, ASSUMING ONE-HALF TIME IN EARTH SHAmW, 

it FROM 1000 N.Mi,FINAL VEHICLE WSS =7100 LE., INCLUDING 25 KU SOLAR ARRAY, BUT 
SOUR-ARMY INCLUDED IN FINAL 2000 la. 

NOT INCLUDING ELECTRIC THRUSTERS, TANKAGE, AND SOME POWER WNDITIONING. 
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TABLE 111 - POWER FOR TYPICAL PRIMRY PROPULSION MISSIONS 
(ELECTRIC BUS POWER. WATTS) 

LI  lSOTOPE/RESISTOJET 400 S I C  BUS 90 325 

2430 403 D.C. 1.230 4.500 1.4 Xn 

1.4 Ilx 

CS HOLLOII-CATHODE 
ION EXPANSION 

WD ARC 2400 78 

FIG. 3 - EOS cesium bombardment 
t h r u s t e r  f o r  a i r  fo rce  mult i -  
purpose sa te l l i t e  program. 

F I G .  1 - TRW three-nozzle  r e s i s t o -  
j e t  f o r  VELA advanced spacec ra f t .  

FIG. 2 - EOS cesium contac t  ion  
t h r u s t e r  f o r  NASA ATS D 
spacec ra f t .  

FIG. 4 - Poss ib le  r e s i s t o j e t  
system f o r  MORL. 

FIG. 5 - Electr ic  t h r u s t e r  system 
under development a t  Jet 
Propuls ion Laboratory f o r  
poss ib l e  s o l a r - e l e c t r i c  i n t e r -  
p lane tary  spacec ra f t .  Thrust ,  
65 mill ipounds.  S p e c i f i c  
impulse, 2700 sec. Thruster  
system power, 1 0  k i lowa t t s .  
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